JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org. Abstract. In order to better understand the spatial distributions of soil trophic groups and the potential significance of these distributions to ecosystem functioning we initiated a study to describe the within-site variability of nematode feeding groups in a row-crop ecosystem. Soil cores were removed from a 48-ha corn (Zea mays) field in the U.S. Midwest prior to spring planting, and nematodes were identified by phenotypic criteria to four groups: bacterivores, fungivores, omnivores/predators, and plant parasites. Within-site variability was high for all groups; population counts spanned two orders of magnitude, with coefficients of variation ranging from 40-130% (n = 115-138 soil samples). Probability distributions were strongly lognormal. Geostatistical analysis showed that a major part of this variability was spatially dependent; variograms suggest that 70-99% of sample population variance was related to spatial autocorrelation over our geographic range of 6-80 m, except for the parasitic group, for which we detected no autocorrelation to 1200 m. Maps of nonparasitic feeding groups across the field showed large multi-hectare areas of low to moderate population densities, with sub-hectare clusters of high-density populations towards one end of the site. Individual feeding groups were only weakly correlated with one another across the field (Kendall's T < 0.363, P < 0.001). Edaphic factors (bulk density, texture, pH, C availability, N availability) could collectively explain <30% of the variability in the nonparasitic groups across the area sampled.
INTRODUCTION
Nematodes are ubiquitous members of the soil faunal community that can have a significant impact on nutrient cycling and primary productivity in many ecosystems. As key members of soil food webs they affect the decomposition rate of plant litter and the turnover of nutrients from soil organic matter, and as important plant parasites they can directly affect plant growth and vigor (Coleman et al. 1984 , Freckman and Caswell 1985 , Ingham et al. 1985 , Freckman 1988 , Moore et al. 1988 ). Growing recognition that nematode populations can respond in predictable ways to ecosystem disturbance (e.g., Wasilewska 1989, Freckman and Ettema 1993) has led to suggestions that nematode community composition-or life history indices thereof-can be used as sensitive indicators of ecosystem change (Bongers 1990 , Messer et al. 1991 , Neher et al. 1995 .
The usefulness of changes in nematode community structure for indicating ecosystem status or soil quality (sensu Doran and Parkin 1994) depends on the presumption that nematode populations can be adequately quantified in soils of targeted ecosystems. Plant feeding species are known to be highly aggregated in most soils (e.g., Goodell and Ferris 1981 , Alby et al. 1983 , McSorley et al. 1985 , Noe and Campbell 1985 , Ferris et al. 1990 , with frequency distributions typically describing negative binomial functions (Taylor et al. 1979 ). This aggregation adds a substantial degree of uncertainty to most estimates of population size and adds significantly to the effort required for comprehensive measurement (see Cobb 1918 , McSorley and Parrado 1982 , Francl 1986 , Schmitt et al. 1990 ). But perhaps more importantly, such aggregation also raises important issues related to the net effects of nematodes on ecosystem functioning: the spatial heterogeneity of trophic interactions in soil food webs, e.g., has been flagged as an important determinant of soil trophic dynamics (Parmelee and Alston 1986, Moore and de Ruiter 1991). Subsequent effects on ecosystem nutrient cycles and energy flow may be significant.
Little detailed information is available on the spatial distributions of soil taxa in general in either agricultural or native plant communities. Almost all of our existing knowledge is based on studies of the soil mesofauna, in particular on studies of plant-parasitic nematodes, and these studies have largely focused on individual species. None to date have examined the distributions of functional groups, though knowledge of these distributions will be especially important for relating taxonomic distributions to ecosystem-level processes such as nutrient turnover and primary productivity.
In the present study we provide a comprehensive description of the spatial distributions of bacterivorous, fungivorous, omnivorous/predaceous, and plant-parasitic nematodes within a single row-crop ecosystem. We use geostatistical approaches to quantify spatial distributions and provide insight into the causes underlying the patterns detected. These tools offer substantial power for identifying the proportion of total population variance that is spatially related and for identifying the scale at which patterning, if detected, is expressed ( Our 48-ha study site was chosen for its apparent homogeneity. With the exception of a 6-ha area on its northern end, the field had been managed as a single cropping system for decades prior to this study, in the previous 20 yr by the KBS farm staff who employed prevailing best management practices to produce grain and forage for a local dairy herd. These practices included conventional moldboard plowing in spring, followed by pre-and post-emergence herbicide treatment, and then post-emergence N fertilizer applications ranging from 100-200 kg/ha N. For >20 yr prior to this study the site had been cropped continuously to maize (Zea mays), with the exception of 2 yr in the late 1970s when the site was strip-cropped to wheat (Triticum aestivum) and maize and 4 yr in the 1980s when the northernmost 120 m (6 ha) was cropped to alfalfa (Medicago sativa).
MATERIALS AND METHODS

Sampling design
In early spring after plowing and secondary tillage but prior to planting we removed two 8 cm diameter X 15 cm deep soil cores from each of 144 sample locations across the field. Sample locations were chosen randomly from a larger unaligned grid as described in G. P. We use the proportion of model sample variance (C + Co) explained by structural variance C (the inverse of the relative nugget effect sensu Isaaks and Srivastava 1989) as a normalized measure of spatial dependence for a given nematode population. Where the ratio of structural variance to sample variance (C:[C + Co]) approaches 1, spatial dependence is high over the range of separation distances modeled; i.e., a large proportion of total sample variance s2 is spatially dependent. Where the ratio of structural variance to sample variance (C:[C + Co]) approaches 0, apparent spatial dependence is low. Because samples separated by a 0 m separation distance should be perfectly autocorrelated (a given sample is perfectly autocorrelated with itself), a low level of spatial dependence indicates either that sampling/analytical error is high or that dependence occurs at scales smaller than the average distance separating pairs in the first lag class, in our case 6 m. Where model sample variance (C + Co) does not approach total sample variance s2, spatial dependence may be occurring at ranges additional to and greater than the range modeled (Barnes 1991).
Population maps were also produced with GS+, following ordinary block kriging with a block size of 2 m across the field and a 2 X 2 discretization grid within each block. Lognormally transformed data were backtransformed to original units prior to mapping as noted above.
The data used in this study are available electronically as part of the KBS LTER Site permanent data archives. These archives are available over World Wide Web at the address http://kbs.msu.edu/lter/home.html.
RESULTS
Nematode population sizes across the site ranged over two orders of magnitude for most groups. For example, populations of bacterivorous nematodes ranged from 35 X 103 to 1.4 X 106 individuals/m2, and populations of plant parasitic nematodes ranged from 8 X 103 to 1.3 X 106 individuals/m2 (Table 1) . We found similar ranges for other groups, and coefficients of variation ranged concomitantly from 44 to 131% (Table 1) .
For all nematode groups the frequency distributions of population sizes across the site were highly skewed. In all cases a lognormal transformation of the data prior to analysis effectively removed both skew and kurtosis (Table 1) .
All nematode groups except the plant parasites were spatially autocorrelated at scales of 0-80 m. Variograms (Fig. 1) suggest that 70-99% of sample population variance is spatially dependent at these scales (Table 2) . That sill (C + Co) values coincide almost exactly with the overall sample variance s2 for each group suggests that there is little further structure beyond this range.
The distributions of groups across the site (Figs. 2-4) show similar general trends for each of the three mappable groups (plant parasitic nematodes were not spatially dependent at the scales measured and thus could not be reliably mapped). Distributions of the bacterivorous, the fungivorous, and the omnivorous/predaceous groups all show relatively large patches of low population densities in the southern half of the field, with a more heterogeneous distribution of high-density patches in the northern half. As is apparent from visual comparison of the three distributions (Figs. 2-4) , the distributions of these populations were somewhat correlated with one another. Results of pairwise rank-correlation analysis (Kendall's T, n > 125) show that the distribution of bacterivorous nematodes was significantly correlated with both fungivores (t = 0.363, P < 0.001) and, to a lesser extent, omnivores/predators (t = 0.229, P < 0.001); the distributions of fungivores and omnivores/predators were more weakly correlated ernmost 120 m of the site that was earlier planted to alfalfa.
The variance not explained by spatial autocorrelation in these groups, including all of the variance in the parasitic populations, is either random or expressed at scales below the minimum average separation distance used in this analysis (6.2 m). That we detected no autocorrelation in the parasitic populations at the 6-1200 m scale may be primarily a temporal effect, i.e., due to the dispersed nature of these nematodes prior to planting. Parasitic nematodes appear to be temporally variable in most annual crops, with maximum populations expressed during times of peak plant growth Campbell 1981, Barker et al. 1984) . The average population size of parasitic nematodes in our sampling was about four times lower than for other groups (Table 1) , which further suggests that our in- July 1995 1429 ability to detect spatial structure in the parasitic group at these scales may be due to sample timing. Other studies that have examined the spatial distributions of nematodes, although almost exclusively focused on plant parasitic groups, have noted associations of individual species with edaphic characteristics that have explained a significant proportion of within-field variance. Noe and Barker (1985) , e.g., used discriminant analysis of three plant parasite densities and 26 edaphic variables to show that 3-8 soil parameters could together explain up to 50% of the spatial variability of these species. Although different parameters tended to predict different populations, they found that texture, sodium, and copper concentrations were especially useful predictors. Goodell and Ferris (1981) also found correlations of individual parasitic species with soil texture, although they found that regression coefficients varied substantially by species.
In the present study we found that edaphic characteristics (including measures of bulk density, texture, pH, moisture, total and available carbon and nitrogen) could collectively account for only 13-27% of variance among bacterivores, fungivores, and omnivores/predators. Of the 15 edaphic factors measured, the subset that best fit individual regression models included bulk density, percentage sand, percentage silt, pH, available C, total N, and inorganic N pools. Of these, soil pH and texture were best correlated with population counts for the three nonparasitic groups (Table 3) . We could not examine regression models for parasitic nematodes because we could not reliably interpolate population isopleths as noted above.
Levels We find it encouraging that the soil taxa evaluated in this study vary at geographic scales that are similar to scales for nontaxonomic properties here and elsewhere. This suggests promise for using physical and chemical properties as predictors in spatially explicit models of soil population dynamics, although we could not identify a very satisfactory suite of predictors for our site. Our enumeration of patches at scales of metres to hectares does not preclude the occurrence of patches at substantially smaller scales in other sites. It is likely, in fact, that long-term cultivation has increased average patch sizes on our site (Robertson et al. 1993) . Moreover, even within our site, populations may be patchy at substantially smaller scales than our minimum 1-m sampling intervals. One might well imagine that patches of nematodes could also occur at the scales of individual plant rhizospheres and organic matter particles, similar to the sub-centimetre scales identified by Hodda (1990) and Hogue and Miller (1981) for marine nematodes.
Nevertheless, patch sizes of the sort encountered in this field can have important consequences for our understanding of field-scale trophic relationships. If the spatial arrangement of food-web components is an important determinant of community-level properties such as trophic efficiencies and dispersal rates, then an accurate picture of these properties-whether measured or simulated-can only emerge from a sampling or simulation analysis that takes this arrangement into account. That functional group sizes in our study varied by 2-3 orders of magnitude across the field suggests that this spatial arrangement may well have a substantial impact on community dynamics. A modeling exercise that incorporates this level of variability and its spatial arrangement could be useful for elucidating more exactly its importance at field and larger geographic scales. It might also suggest more appropriate subunits than habitat or crop management boundaries for making large-scale assessments of soil community health. From this study it appears that there may be as much or even more variability associated with subtle edaphic boundaries within fields or habitats than with historical boundaries imposed by land managers or farmers.
